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Despite breakthroughs in cancer treatment, pancreatic cancer remains one of the most intractable solid tumors with a 5‐year survival rate of 4--7% in most reports.[1](#cas12982-bib-0001){ref-type="ref"}, [2](#cas12982-bib-0002){ref-type="ref"} During the last 40 years, the 5‐year survival rate of pancreatic cancer patients has only improved from 2% to 6%.[3](#cas12982-bib-0003){ref-type="ref"} At the time of diagnosis, 70--80% of patients have already progressed to locally advanced stage or metastatic disease. Gemcitabine and 5‐fluorouracil (5‐FU), pyrimidine analogs of cytidine and uracil, respectively, are classified as antimetabolite drugs. Both block progression of the cell cycle by competing with functional nucleoside triphosphates during DNA replication and eventually induce cell death.[4](#cas12982-bib-0004){ref-type="ref"}, [5](#cas12982-bib-0005){ref-type="ref"} 5‐fluorouracil also hinders thymidylate synthase, and therefore blocks synthesis of thymidine and inhibits DNA replication.[4](#cas12982-bib-0004){ref-type="ref"} The diphosphate of gemcitabine also functions as an inhibitor for ribonucleotide reductase and inactivates this key enzyme, leading to a decrease in deoxynucleotide pools.[5](#cas12982-bib-0005){ref-type="ref"} TS‐1 is based on a biochemical modulation of 5‐FU and contains tegafur, gimeracil, and oteracil potassium in a molar ratio of 1:0.4:1 to enhance its anticancer activity while reducing its toxicity to the gastrointestinal tract.[6](#cas12982-bib-0006){ref-type="ref"} Gemcitabine and TS‐1 are often considered standard drugs for pancreatic cancer and are used as monotherapy or in combination with each other.[7](#cas12982-bib-0007){ref-type="ref"}, [8](#cas12982-bib-0008){ref-type="ref"} However, it has been reported that only 25--30% of patients respond to these chemotherapeutic treatments.[9](#cas12982-bib-0009){ref-type="ref"} Histopathologically, most pancreatic cancers are characterized by severe desmoplasia that results from extensive production of ECM components by pancreatic stellate cells.[10](#cas12982-bib-0010){ref-type="ref"} As a result, the pancreatic tumors are surrounded by a condensed desmoplastic layer and usually contain several regions with limited vasculature network and nutrition.[11](#cas12982-bib-0011){ref-type="ref"} This specific type of environment, termed tumor hypoxia, is characteristic of pancreatic cancer[12](#cas12982-bib-0012){ref-type="ref"} and has been identified as the main obstacle to treatment.[13](#cas12982-bib-0013){ref-type="ref"}

Hypoxia‐inducible factor (HIF) is strongly correlated with poor prognosis of pancreatic cancer patients.[14](#cas12982-bib-0014){ref-type="ref"} Hypoxia‐inducible factor is a heterodimeric transcription factor composed of an oxygen‐dependent α‐subunit and a constitutively expressed β‐subunit, and binds to the hypoxia‐response elements (HREs) of a wide range of transcriptional targets to induce their expression.[15](#cas12982-bib-0015){ref-type="ref"} The transcriptional activity of HIF relies primarily on availability of the HIF‐α subunit, which is mainly regulated by prolyl‐hydroxylation and ubiquitin‐mediated proteasomal degradation under normoxic conditions. Three isoforms of HIF‐α encoded by distinct genes have been identified. Of these isoforms, HIF‐1α and HIF‐2α have a similar structure containing an oxygen‐dependent degradation (ODD) domain. In cancer cells, HIF regulates hundreds of genes related to the malignant phenotype including genetic instability, sustained angiogenesis, metabolic reprogramming, autocrine growth factor signaling, evasion of apoptosis, invasion/metastasis, and resistance to treatment.[16](#cas12982-bib-0016){ref-type="ref"} Thus, HIF is a commander of malignant cancer progression and targeting HIF becomes a cogent strategy.

We have been focusing on targeting HIF‐active cells through a unique and HIF‐specific mechanism in hypoxic cancer cells. Our original fusion protein prodrug TAT‐ODD‐procaspase‐3 (TOP3) and its variant POP33 have shown prospective effects in a variety of cancer cell lines *in vitro*,[17](#cas12982-bib-0017){ref-type="ref"}, [18](#cas12982-bib-0018){ref-type="ref"} and also *in vivo*.[19](#cas12982-bib-0019){ref-type="ref"}, [20](#cas12982-bib-0020){ref-type="ref"}, [21](#cas12982-bib-0021){ref-type="ref"} The defined mechanism of the protein was also confirmed as the research progressed. Specifically, TOP3 protein contains a TAT domain that is derived from HIV and facilitates penetration of the protein through the mammalian phospholipid bilayer membranes. The second domain, the ODD, which is derived from HIF‐1α, confers the hypoxia selective property of the fusion protein by causing the protein to be degraded in normoxic cells or remain stable in hypoxic cells. Under stressful conditions, activated caspase‐3 derived from the procaspase‐3 domain will cause the hypoxic cells to undergo apoptosis.

This clear activity of TOP3 and the limitations of current chemotherapy inspired us to combine TOP3 with gemcitabine and TS‐1. The combination treatment successfully suppressed both normoxic and hypoxic cancer cells and significantly extended survival of mice bearing orthotopic pancreatic tumors.

Materials and Methods {#cas12982-sec-0002}
=====================

Construction and purification of TOP3 fusion protein {#cas12982-sec-0003}
----------------------------------------------------

pGEX‐6P‐3/GST‐TAT‐ODD/3‐0‐Casp3^WT^ (TOP3)[18](#cas12982-bib-0018){ref-type="ref"} was transformed into SoluBL21‐competent *Escherichia coli* (Genlantis, San Diego, CA, USA) to express GST‐TOP3 protein, which was purified using glutathione agarose (Sigma‐Aldrich, St. Louis, MO, USA). Subsequently, the GST tag was cleaved by PreScission Protease (GE Healthcare, Little Chalfont, UK) according to the manufacturer\'s instructions.

Cell culture and hypoxic induction *in vitro* {#cas12982-sec-0004}
---------------------------------------------

SUIT‐2 human pancreatic cancer cells were purchased from the Japanese Cancer Research Resource Bank (Osaka, Japan) and established SUIT‐2/HRE‐Luc cells[20](#cas12982-bib-0020){ref-type="ref"} were cultured in DMEM (Life Technologies, Carlsbad, CA, USA) supplemented with 5% FBS, penicillin (100 U/mL) and streptomycin (100 μg/mL) (Nacalai Tesque, Kyoto, Japan) in a multigas incubator (Panasonic, Osaka, Japan). For the hypoxic experimental setup, a hypoxic incubator (Astec, Fukuoka, Japan) or hypoxic chamber (Ruskinn, Bridgend, UK) was used to attain an oxygen level of 1% or 0.1%, respectively, depending on the experiment.

Luciferase assay {#cas12982-sec-0005}
----------------

SUIT‐2/HRE‐Luc cells were seeded at 5 × 10^4^ cells in 24‐well plates and precultured in normoxia for 12 h. Subsequently, the cells were further incubated using the hypoxic incubator in 1% O~2~ for the indicated time and directly lysed by 100 μL Passive Lysis Buffer (Promega, Madison, WI, USA). The cell lysate was centrifuged at 16 000`g` and 4°C for 3 min and the luciferase activity was measured using 10 μL supernatant with 20 μL Luciferase assay reagent (Promega).

Dual luciferase assay {#cas12982-sec-0006}
---------------------

The pEF/HRE‐RLuc plasmid was constructed by substituting the coding sequence of firefly luciferase (FLuc) in pEF/HRE‐FLuc.[18](#cas12982-bib-0018){ref-type="ref"} The coding sequence of Renilla luciferase (RLuc) was amplified from pRluc (pRL‐CMV) (Promega). VHL‐786‐O cells (5 × 10^4^ cells/well) were seeded in a 24‐well plate. After overnight incubation, pEF/HRE‐RLuc was cotransfected with pEF‐FLuc using X‐treamGENE reagent (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer\'s instructions. The cells were further incubated in 21% or 1% O~2~ for 16 h and harvested for analysis using the Dual‐luciferase Reporter Assay system (Promega). Bioluminescence signals of RLuc were divided by those of FLuc to normalize the signal.

Western blot analysis {#cas12982-sec-0007}
---------------------

Cells were seeded at 1 × 10^5^ cells in 35‐mm dishes, pre‐incubated for 12 h in normoxia, and further cultured in hypoxia (1% O~2~) for the indicated time. Cell lysates were collected after addition of 200 μL of 2× sample buffer (125 mM Tris‐HCl \[pH 6.8\], 2% SDS, 20% glycerol, 10% β‐mercaptoethanol, and 0.01% bromophenol blue). The samples were electrophoresed on a 10% SDS‐polyacrylamide gel and separated proteins were transferred to a PVDF membrane filter (Merck, Darmstadt, Germany). Actin, HIF‐1α, and HIF‐2α on the filter were probed with the following antibodies: mouse anti‐actin (A4700; Sigma‐Aldrich), rabbit anti‐HIF‐1α (NB100‐134) and rabbit anti‐HIF‐2α (NB100‐122) (Novus Biologicals, Littleton, CO, USA), anti‐mouse IgG conjugated with HRP (\#7076) and anti‐rabbit IgG conjugated with HRP (\#7074) (Cell Signaling Technology, Danvers, MA, USA). Binding was detected with Chemi‐Lumi One Ultra, a chemiluminescence detection reagent (Nacalai Tesque).

Cell proliferation assay {#cas12982-sec-0008}
------------------------

Cells were seeded at a density of 2 × 10^3^ cells/well in 96‐well plates and pre‐incubated for 12 h in normoxia. TS‐1 (Taiho, Tokyo, Japan) and gemcitabine (Fluorochem, Hadfield, UK) were added to the medium as a dilution series of 0--1000 μM and 0--100 nM, respectively, before incubation in 21%, 1%, or 0.1% O~2~. After incubation for 72 h, 10 μL WST‐1 reagent (Roche Diagnostics) was added to each well. After a 3‐h incubation in normoxia, the optical density (450 nm) of each well was measured with the reference optical density (750 nm) using a microplate reader Model 680XR (Bio‐Rad, Hercules, CA, USA).

Calcein AM cell viability assay {#cas12982-sec-0009}
-------------------------------

Cells were seeded at 1 × 10^3^ cells in 96‐well plates and preincubated overnight in normoxia. Immediately after addition of 5‐FU (Sigma‐Aldrich) or gemcitabine at the indicated concentrations, the plates were incubated under 21%, 1%, or 0.1% O~2~ conditions for 72 h. The cells were washed with 100 μL 1× DW buffer (Trevigen, Gaithersburg, MD, USA), which was replaced with new DW buffer containing 1 μM calcein AM. The plates were then incubated in normoxia for 30 min and the fluorescence intensity was measured using an Infinite F500 (Tecan, Männedorf, Switzerland) with excitation/emission of 485 nm/535 nm.

Flow cytometry analysis of apoptotic cells {#cas12982-sec-0010}
------------------------------------------

Cells were seeded at 1.5 × 10^5^ cells/well in 6‐well plates and precultured in normoxia overnight. For the samples in hypoxia, the medium was replaced with fresh medium containing 0.2% FBS and 500 mg/L glucose, and gemcitabine (15 nM) or 5‐FU (50 μM) was added on the following day. The plates were then incubated in the hypoxic incubator at 1% O~2~ for 30 h before addition of TOP3 (20 μg/mL) and further incubation under the same conditions for 18 h. Cells were prepared with hypotonic fluorochrome solution (50 μg/mL PI in 0.1% sodium citrate--0.1% Triton X‐100) as previously described[17](#cas12982-bib-0017){ref-type="ref"} and analyzed by an EC800 Analyzer (Sony, Tokyo, Japan). For samples in severe hypoxia, the culture medium was DMEM supplemented with 0.1% FBS and 100 mg/L glucose under 0.1% oxygen in the hypoxic chamber and cells were treated with the same doses of gemcitabine, 5‐FU, and TOP3.

Animal experiments {#cas12982-sec-0011}
------------------

Five‐week‐old BALB/c nu/nu male mice were purchased from Oriental Yeast Co. Ltd. (Tokyo, Japan) and the *in vivo* experiments were started when the mice were 7 weeks old. Animal experiments were carried out with approval from the Animal Experiment Committees of Tokyo Institute of Technology (Tokyo, Japan) and according to relevant national and international guidelines.

Orthotopic transplantation and *in vivo* imaging to monitor progression of cancer cells {#cas12982-sec-0012}
---------------------------------------------------------------------------------------

Transplantation was carried out as previously described.[20](#cas12982-bib-0020){ref-type="ref"}, [22](#cas12982-bib-0022){ref-type="ref"}, [23](#cas12982-bib-0023){ref-type="ref"} In brief, SUIT‐2/HRE‐Luc cells (1 × 10^5^ cells/10 μL PBS) were mixed with an equal volume of Geltrex (Life Technologies) and injected directly into the exposed pancreas using a 27‐G syringe. One week after transplantation, we started to monitor HIF activity in the hypoxic cells by the corresponding bioluminescent intensity. Mice were anesthetized by isoflurane (Wako, Tokyo, Japan) and i.p. injected with 200 μL [d]{.smallcaps}‐Luciferin (Promega; 10 mg/mL in PBS). Bioluminescent images were obtained 15 min after injection every 4 days using the IVIS spectrum (Perkin Elmer, Waltham, MA, USA) with an exposure time of 1 min. When the photon counts were approximately 1 × 10^5^ photons/s for each region of interest, the mice were randomly divided into control and treatment groups for experiments.

Drug preparation and administration {#cas12982-sec-0013}
-----------------------------------

TOP3 was i.p. injected into tumor‐bearing mice at a dose of 10 mg/kg at 3‐ or 4‐day intervals. TS‐1 was dissolved in 0.5% (w/v) hydroxypropyl methylcellulose (Shin‐Etsu Chemical, Tokyo, Japan) and the mice were treated with 10 mg/kg TS‐1 for five consecutive days per week by oral gavage. Gemcitabine was dissolved in PBS and given i.p. to the mice at a dose of 50 mg/kg every 3 days. For combination treatments, the dosage and treatment schedule of single and combination treatments are shown in Table [1](#cas12982-tbl-0001){ref-type="table-wrap"}. The concentration of TS‐1 throughout the experiment was calculated based on the concentration of the active component 5‐FU.

###### 

Treatment schedule for *in vivo* experiments in which TAT‐ODD‐procaspase‐3 (TOP3) was combined with gemcitabine (Gem) or TS‐1 in a SUIT‐2 orthotopic pancreatic cancer model

  Group       *n*   Drug   Dose, mg/kg   Schedule
  ----------- ----- ------ ------------- -------------------------------
  Control     9     --     --            --
  TOP3        8     TOP3   10            Every 3 days, i.p.
  Gem         8     Gem    50            Every 3 days, i.p.
  TOP3+Gem    8     TOP3   10            Every 3 days, start at day +1
                    Gem    50            Every 3 days, start at day 0
  Control     8     --     --            --
  TOP3        7     TOP3   10            Every 4 days, i.p.
  TS‐1        8     TS‐1   10            5 consecutive days/week, p.o.
  TOP3+TS‐1   8     TOP3   10            Every 4 days, i.p.
                    TS‐1   10            5 consecutive days/week, p.o.

*n*, number of treated mice; i.p., intraperitoneal injection; p.o., oral administration.

John Wiley & Sons, Ltd

Statistical analysis {#cas12982-sec-0014}
--------------------

Data are represented as mean ± SEM and significant differences were calculated by unpaired Student\'s *t‐*test unless otherwise indicated. For *in vivo* experimental data, ANOVA was used to analyze differences between group means. Overall significant difference among group means was analyzed using Tukey\'s honest significant difference. For survival analysis, the Kaplan--Meier method was used to determine survival curves, and comparisons between the curves were carried out by log--rank test in *R* analysis. For each comparison, *P*‐values \< 0.05 were considered statistically significant.

Results {#cas12982-sec-0015}
=======

Evaluation of the reporter system specific for HIF‐active cells {#cas12982-sec-0016}
---------------------------------------------------------------

The reporter gene *HRE‐Luc* includes a promoter containing five copies of the HRE of human vascular endothelial growth factor (*VEGF*) gene in its 5′‐flanking region[24](#cas12982-bib-0024){ref-type="ref"} and generates bioluminescence in a HIF‐dependent manner, allowing us to monitor the progression of HIF‐active tumors *in vivo*.[20](#cas12982-bib-0020){ref-type="ref"}, [21](#cas12982-bib-0021){ref-type="ref"} SUIT‐2/HRE‐Luc cells express both HIF‐1α and HIF‐2α proteins and bioluminescence produced by the cells correlated well with expression of these proteins (Fig. [1](#cas12982-fig-0001){ref-type="fig"}a,b). Although HRE was well characterized as a HIF‐1 binding site,[24](#cas12982-bib-0024){ref-type="ref"} HIF‐2 may also be able to bind to the HRE because *VEGF* expression was reported to be regulated by HIF‐2 as well as HIF‐1.[25](#cas12982-bib-0025){ref-type="ref"} We examined the response of the *HRE‐Luc* reporter gene in 786‐O, a renal cell carcinoma cell line that harbors a mutation in the von Hippel‐Lindau (*VHL*) gene and expresses only HIF‐2α.[26](#cas12982-bib-0026){ref-type="ref"} Expression of HRE‐luciferase in 786‐O‐VHL cells, in which a functional *VHL* gene has been introduced, was significantly increased by hypoxic treatment (Fig. [1](#cas12982-fig-0001){ref-type="fig"}c), indicating that HIF‐2 also functions as transcription factor for the HRE promoter. Therefore, an *in vivo* model using this cell line can be used to monitor both HIF‐1 and HIF‐2 activities.

![The hypoxia‐response element--luciferase (HRE‐Luc) reporter system is suitable for evaluation of hypoxia‐inducible factor (HIF) activity. (a, b) SUIT‐2/HRE‐Luc cells cultured under normoxic conditions were exposed to hypoxic conditions (1% O~2~) for the indicated time periods and luciferase activity (a) and HIF‐α protein levels (b) were analyzed. The bioluminescent intensity of luciferase is shown as relative light units (RLU) (*n* = 3). (c) 786‐O‐VHL cells were established by introducing wild‐type von Hippel‐Lindau (VHL) expression vector into VHL‐null 786‐O cells. 786‐O‐VHL cells were cotransfected with pEF/HRE‐RLuc and pEF/FLuc reporter plasmids and cultured under normoxic (21% O~2~) or hypoxic (1% O~2~) conditions. The bioluminescent intensity of RLuc was divided by that of FLuc and the normalized signal is shown as relative luciferase activity (*n* = 3). \**P* \< 0.05. The experiments were repeated three times and representative data are shown.](CAS-107-1151-g001){#cas12982-fig-0001}

Effect of gemcitabine and 5‐FU on SUIT‐2 cells *in vitro* {#cas12982-sec-0017}
---------------------------------------------------------

Gemcitabine and 5‐FU (the core drug of TS‐1) have been proved to be effective in the induction of cell death and growth inhibition of several pancreatic cancer cell lines including AsPC‐1, Capan‐1, MIA PaCa‐2, and T3M4,[27](#cas12982-bib-0027){ref-type="ref"} and BxPC‐3, CFPAC‐1, and SUIT‐2,[28](#cas12982-bib-0028){ref-type="ref"} with different sensitivities to the drugs. We examined the influence of oxygen concentration on the effect of gemcitabine and 5‐FU on SUIT‐2 cells by WST‐1 proliferation and calcein AM cell viability assays under normoxic (21% O~2~), hypoxic (1% O~2~), and severely hypoxic (0.1% O~2~) conditions (Fig. [2](#cas12982-fig-0002){ref-type="fig"}). The effect of gemcitabine was influenced by only the hypoxic (1% O~2~) treatment (Fig. [2](#cas12982-fig-0002){ref-type="fig"}a,b), whereas the effect of 5‐FU was influenced by severely hypoxic conditions (Fig. [2](#cas12982-fig-0002){ref-type="fig"}c,d). The IC~50~ of gemcitabine increased two‐fold from 5.0 to 10.1 nM when the cells were exposed to hypoxia. In the case of 5‐FU, the IC~50~ was 280 μM under severely hypoxic conditions compared to 38 μM in normoxia, representing a greater than seven‐fold increase in 5‐FU resistance. The summaries of significant values are indicated in Tables S1 and S2.

![The SUIT‐2 pancreatic cancer cell line is resistant to gemcitabine and 5‐FU under hypoxic conditions. WST and calcein AM cell viability assays were carried out for SUIT‐2 cells treated with gemcitabine (a, b) and 5‐FU (c, d) for 72 h (*n* = 4 or 5). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. The percentage cell viability was normalized to the viability of untreated cells for each condition. These data are representative of three independent experiments.](CAS-107-1151-g002){#cas12982-fig-0002}

Effects of TOP3 in combination with gemcitabine or 5‐FU on pancreatic cancer cells *in vitro* {#cas12982-sec-0018}
---------------------------------------------------------------------------------------------

Because of the resistance of SUIT‐2 to gemcitabine and 5‐FU in hypoxia (1% O~2~) and severe hypoxia (0.1% O~2~), respectively, we expected that combination treatments of TOP3 with gemcitabine or 5‐FU would more efficiently decrease the viability of both normoxic and hypoxic cancer cells. To mimic *in vivo* conditions in tumor hypoxia, SUIT‐2 cells were cultured in medium containing low FBS and low glucose (starved medium) in hypoxia (1% O~2~). As observed in highly malignant cells,[29](#cas12982-bib-0029){ref-type="ref"}, [30](#cas12982-bib-0030){ref-type="ref"}, [31](#cas12982-bib-0031){ref-type="ref"} SUIT‐2 is highly adapted to hypoxia and its viability was not significantly influenced by hypoxic treatment alone (Fig. [3](#cas12982-fig-0003){ref-type="fig"}a). However, SUIT‐2 cells cultured in the starved medium under hypoxic (1% O~2~) and severely hypoxic (0.1% O~2~) conditions showed a significantly increased susceptibility to TOP3 compared with cells under normoxic conditions (Fig. [3](#cas12982-fig-0003){ref-type="fig"}b,c), suggesting that the starvation conditions increased stress responses in the cells, leading to activation of caspases and eventually to TOP3 activation. Treatment with TOP3 alone under starvation and hypoxic conditions successfully induced apoptotic cell death, as indicated by a significant increase in the sub‐G~1~ fraction in flow cytometry analysis. Under 1% O~2~ and starved conditions (Fig. [3](#cas12982-fig-0003){ref-type="fig"}b), although the effect of gemcitabine was completely abolished, the effect of 5‐FU was similar to that under normoxic conditions and showed an additive effect in combination with TOP3. However, under 0.1% O~2~ and starved conditions (Fig. [3](#cas12982-fig-0003){ref-type="fig"}c), the effects of gemcitabine and 5‐FU were reduced compared with normoxic conditions; only TOP3 effects were observed under these conditions, confirming the reduced effect of gemcitabine and 5‐FU under hypoxic conditions (Fig. [2](#cas12982-fig-0002){ref-type="fig"}b,d). These results strongly suggested that TOP3 targets distinct cell populations from gemcitabine and 5‐FU.

![Effects of drugs on pancreatic cancer cells under conditions of oxygen and nutrient shortage. (a) Viability of SUIT‐2 cells after hypoxic (0.1% and 1% O~2~) treatment for 72 h determined by WST‐1 assay. The absorbance unit obtained from hypoxia‐treated SUIT‐2 cells was normalized to the absorbance unit of SUIT‐2 cells cultured under normoxic conditions and is shown as cell viability (%). (b, c) SUIT‐2 cells were cultured under starved and hypoxic (1% O~2~, 0.2% FBS, 500 mg/L glucose) conditions (b) or severely hypoxic and starved (0.1% O~2~, 0.1% FBS, 100 mg/L glucose) conditions (c) with or without gemcitabine (Gem; 15 nM) or 5‐fluorouracil (5‐FU; 50 μM) for 30 h. TAT‐ODD‐procaspase‐3 (TOP3; 20 μg/mL) was added and the cells were further incubated for 18 h under the same conditions. The DNA content was analyzed by flow cytometry and the sub‐G~1~ fraction (%) is indicated in the figure (*n* = 4). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. The experiments were repeated three times and representative data are shown. (--), untreated control.](CAS-107-1151-g003){#cas12982-fig-0003}

Enhanced antitumor effects of gemcitabine and TS‐1 by combination treatment with TOP3 {#cas12982-sec-0019}
-------------------------------------------------------------------------------------

Motivated by the *in vitro* results, we next assessed the therapeutic effects of the combination treatments in an orthotopic pancreatic cancer model using SUIT‐2/HRE‐Luc cells,[20](#cas12982-bib-0020){ref-type="ref"} in which the luciferase activity was highly correlated with HIF‐α expression (Fig. [1](#cas12982-fig-0001){ref-type="fig"}) and thus correlated with HIF activity.[15](#cas12982-bib-0015){ref-type="ref"} Using this model, we were able to monitor the progression of HIF‐active cancer cells in real‐time by *in vivo* bioluminescence imaging of SUIT‐2/HRE‐Luc xenografts. We monitored the bioluminescence every 4 days throughout the experiment (Fig. [4](#cas12982-fig-0004){ref-type="fig"}a,b). The drug dosages and schedule of the combination treatments are summarized in Table [1](#cas12982-tbl-0001){ref-type="table-wrap"}. Hypoxia‐inducible factor activity in the xenografts of untreated mice increased rapidly and the mice eventually died with accumulation of ascites and peritoneal dissemination within 4 weeks after the initial detection of significant HIF‐active signals. In contrast, mice treated with TOP3 showed bioluminescence signals that were localized in the pancreas for longer periods, indicating effective killing of HIF‐active cancer cells in the pancreas. Strikingly, the bioluminescence signals in the mice treated with gemcitabine or TS‐1 were also localized in the pancreas for periods compatible with the signals in the TOP3‐treated mice. As expected, the combination treatment further extended the duration of the localized signal in the pancreas. The bioluminescence signals of gemcitabine‐ and TS‐1‐treated groups were analyzed on days 20 and 16, respectively, because these were the last days that all mice in each control group were alive (Fig. [4](#cas12982-fig-0004){ref-type="fig"}c,d). The summary of significant values is indicated in Table S3. The results clearly showed that TOP3 enhanced the efficacy of gemcitabine and TS‐1 against pancreatic cancer in combination treatments.

![Combination therapies significantly improves outcome in a SUIT‐2 orthotopic pancreatic cancer model. (a, b) Representative images of mice in each group obtained by *in vivo* imaging. (c, d) Box plots of bioluminescent intensities of tumors in mice of gemcitabine (Gem)‐ and TS‐1‐treated groups at day 20 and 16, respectively, which were the last days that all mice in the control groups were still alive. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. (e, f) Body weight of mice in gemcitabine‐ and TS‐1‐treated groups. No significant difference was observed between any groups.](CAS-107-1151-g004){#cas12982-fig-0004}

During the experiments, we also examined possible side‐effects of the drugs on treated mice, using weight loss as an indicator. Although some mice temporarily lost weight during the experiment period, the weight of the mice varied by \<5% of their body weight with no significant differences (Fig. [4](#cas12982-fig-0004){ref-type="fig"}e,f). Diarrhea was observed in TS‐1 monotherapy and TS‐1 combination groups, but other adverse side‐effects, such as jaundice or change of stool colors, were not observed.

Combination treatment successfully prolonged the survival of treated mice {#cas12982-sec-0020}
-------------------------------------------------------------------------

As an important outcome of cancer therapy, we evaluated the survival rate of the mice in each group. The results of this analysis correlated with the bioluminescence signal development; combinations of TOP3 and gemcitabine showed the most prolonged survival rates among the treated mice (Fig. [5](#cas12982-fig-0005){ref-type="fig"}a). SUIT‐2 cells showed higher sensitivity to gemcitabine monotherapy at the selected dosage; treatment with gemcitabine resulted in remarkable inhibition of cancer cell growth and more significantly prolonged the survival of the mice than TOP3 monotherapy (Figs. [4](#cas12982-fig-0004){ref-type="fig"}c,[5](#cas12982-fig-0005){ref-type="fig"}a). Combination therapy with gemcitabine and TOP3 further improved survival. Two mice in the combination group survived for more than 100 days after initial treatment with almost complete clearance of HIF‐active cell signals. Interestingly, there was no statistically significant difference between TOP3 and TS‐1 monotherapies in bioluminescence signal suppression and survival improvement (Figs. [4](#cas12982-fig-0004){ref-type="fig"}d,[5](#cas12982-fig-0005){ref-type="fig"}b), indicating equivalent overall efficacy of the prodrug TOP3 and TS‐1. Two mice in the combination group survived until day 50. The summary of significant values is indicated in Table S4.

![Combination therapies with TAT‐ODD‐procaspase‐3 (TOP3) and gemcitabine (Gem) (a) or TS‐1 (b) improved the survival of treated mice in a SUIT‐2 orthotopic pancreatic cancer model. Survival curves using Kaplan--Meier analysis are shown.](CAS-107-1151-g005){#cas12982-fig-0005}

Discussion {#cas12982-sec-0021}
==========

In this study, we successfully showed that TOP3 can overcome the limitation of standard chemotherapeutic drugs used for pancreatic cancers -- gemcitabine and TS‐1 -- when given as a combination treatment with these drugs, and significantly improves survival in an orthotopic pancreatic cancer model.

An overwhelming number of studies have reported that HIF‐active cancers, which are targets of TOP3, are a hallmark of malignancy.[32](#cas12982-bib-0032){ref-type="ref"}, [33](#cas12982-bib-0033){ref-type="ref"}, [34](#cas12982-bib-0034){ref-type="ref"} Hypoxia‐inducible factor‐active cancer cells play especially crucial roles in pancreatic cancers, which are known to have severe desmoplasia and hypoxia.[12](#cas12982-bib-0012){ref-type="ref"} In this study, we used the reporter HRE‐Luc to non‐invasively monitor the progression of HIF‐active cells in pancreatic cancers in real‐time. We observed that the increased bioluminescence signals (HIF activity) were well correlated with growth and dissemination of the cancer cells and accumulation of ascites in the abdominal cavity of the mice.[20](#cas12982-bib-0020){ref-type="ref"} Noticeably, the bioluminescent signal of HIF‐active cells appeared approximately 1 week after transplantation, suggesting that a hypoxic environment is generated in a very early stage of pancreatic desmoplasia. Monotherapy with TOP3 led to localization of the signals in the pancreas for a longer duration, indicating that selective killing of HIF‐active cells by TOP3 suppressed local invasion and metastasis, and improved the survival rate of pancreatic cancer model mice (Figs. [4](#cas12982-fig-0004){ref-type="fig"}a,b,[5](#cas12982-fig-0005){ref-type="fig"}). These results confirm the role of HIF‐active cells in pancreatic cancer progression and suggest the importance of therapies that target HIF‐active cancers for the treatment of patients with pancreatic cancer.

We confirmed the limited efficacy of gemcitabine and TS‐1 in pancreatic cancers with tumor hypoxia by *in vitro* data obtained under conditions that mimic tumor hypoxia. Gemcitabine and 5‐FU/TS‐1 cause DNA and RNA damage, which in turn affects cell proliferation and survival. Although we observed a significant effect of these drugs on the viability of normoxic cells, gemcitabine and 5‐FU had no significant effect on cells under hypoxia (1% O~2~) and severe hypoxia (0.1% O~2~), respectively (Fig. [2](#cas12982-fig-0002){ref-type="fig"}). Moreover, the cytotoxic effects of gemcitabine and 5‐FU were partially and totally abolished under hypoxic and severely hypoxic conditions, respectively, in the starved medium (Fig. [3](#cas12982-fig-0003){ref-type="fig"}), strongly suggesting reduced efficacy of these reagents in conditions of tumor hypoxia.

We used both WST‐1 and calcein AM viability assays to exclude the possibility that the reliability of the WST‐1 assay was affected by impairment of mitochondria after long‐term incubation in hypoxia, as reported in other cell lines.[35](#cas12982-bib-0035){ref-type="ref"} Overall, both assays gave consistent results with similar resistance patterns for each drug under hypoxic conditions. In fact, the response of the SUIT‐2 cell line to gemcitabine and TS‐1 under normoxia was highly consistent with previous reports.[28](#cas12982-bib-0028){ref-type="ref"}, [36](#cas12982-bib-0036){ref-type="ref"} Resistance of pancreatic cancer cells to these drugs under hypoxic conditions is often observed, with the proposed mechanism involving phosphatidylinositol 3‐kinase/protein kinase B/nuclear factor‐κB or mammalian target of rapamycin pathways.[37](#cas12982-bib-0037){ref-type="ref"}, [38](#cas12982-bib-0038){ref-type="ref"} However, the lower resistance of SUIT‐2 to gemcitabine in severe hypoxia (0.1% O~2~) than in milder hypoxia (1% O~2~) was described for the first time in our study, and the underlying mechanism is under investigation.

Treatment of subcutaneous (s.c.) tumors with TOP3 induced cell death in severely hypoxic (pimonidazole‐stained) regions and hypoxic regions, which are located closer to tumor blood vessels than the severely hypoxic regions, 12 h after i.p. injection.[21](#cas12982-bib-0021){ref-type="ref"} In the orthotopic pancreatic cancer model used here, TOP3 treatment significantly suppressed HIF‐active signal development, indicating that TOP3 was able to effectively remove HIF‐active cells in this model. Remarkably, treatment with gemcitabine and TS‐1 also suppressed HIF‐active signal development at comparable levels to TOP3 (Fig. [4](#cas12982-fig-0004){ref-type="fig"}a--d), although SUIT‐2 showed resistance to gemcitabine and 5‐FU under hypoxic conditions (Fig. [2](#cas12982-fig-0002){ref-type="fig"}). Furthermore, because the shortage of oxygen and nutrition due to defective blood supply in hypoxic regions can cause cell cycle arrest, rendering the cells more resistant to these chemical drugs (Fig. [3](#cas12982-fig-0003){ref-type="fig"}), it is inconceivable that these drugs directly target HIF‐active cells. In the case of gemcitabine, HIF‐active cancer cells under severely hypoxic conditions might be targeted as observed in our *in vitro* experiments (Fig. [2](#cas12982-fig-0002){ref-type="fig"}a,b). Alternatively, it is more likely that these agents induced death of normoxic cancer cells, which reduced the consumption of oxygen and nutrition in normoxic regions and increased their availability to hypoxic regions, making these regions less hypoxic and thus less HIF‐active.

The roles of hypoxic cancers in malignant progression have encouraged several research groups to focus on hypoxia‐activated prodrugs. These drugs are mainly based on moieties that are reduced under hypoxic conditions to become active drugs and include PR‐104A,[39](#cas12982-bib-0039){ref-type="ref"} tirapazamine,[40](#cas12982-bib-0040){ref-type="ref"} and TH‐302.[41](#cas12982-bib-0041){ref-type="ref"} Although these drugs were effective at killing hypoxic cells to some extent, their combination with radiotherapy or chemotherapy rarely yielded positive outcomes.[42](#cas12982-bib-0042){ref-type="ref"}, [43](#cas12982-bib-0043){ref-type="ref"}, [44](#cas12982-bib-0044){ref-type="ref"} These drugs may cause severe off‐target toxicity and are therefore not recommended for long‐term treatment.[45](#cas12982-bib-0045){ref-type="ref"} However, our prodrug TOP3 has shown benefits when combined with radiotherapy in xenograft models using the human cervical cancer cell line HeLa and the pancreatic cancer cell line CFPAC‐1; angiogenesis in irradiated s.c. tumors was significantly suppressed by single treatment with TOP3, resulting in significantly delayed tumor growth.[19](#cas12982-bib-0019){ref-type="ref"} Additionally, here we revealed the benefits of combining TOP3 with the standard chemotherapy drugs gemcitabine and 5‐FU for the treatment of pancreatic cancer. Overall, our report emphasizes the role of HIF‐active cells in pancreatic cancer treatment and clearly shows the potential of the prodrug TOP3 for the treatment of HIF‐active cancers as monotherapy and combination therapies.
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###### 

**Table S1.** Comparison of cell viability of each pair group in Figure [2](#cas12982-fig-0002){ref-type="fig"}(a). *P*‐values compared using Student\'s *t*‐test.

**Table S2.** Comparison of cell viability of each pair group in Figure [2](#cas12982-fig-0002){ref-type="fig"}(c). *P*‐values compared using Student\'s *t*‐test.

**Table S3.** Comparison of bioluminescent intensities of tumors of each pair group in Figure [4](#cas12982-fig-0004){ref-type="fig"}(c,d). *P*‐values compared using Student\'s *t*‐test.

**Table S4.** Comparison of survival ability of each pair group in Figure [5](#cas12982-fig-0005){ref-type="fig"}. *P*‐values compared using the log--rank test.

###### 

Click here for additional data file.
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